Macropinocytosis is a nonspecific bulk uptake of extracellular fluid. During endosome maturation, the Rab5-to-Rab7 switch machinery executes the conversion from early to late endosomes. However, how the Rab switch works during macropinosome maturation remains unclear. Here, we elucidate the Rab switch machinery in macropinosome maturation using F€ orster resonance energy transfer imaging. Rab5 is activated and concurrently recruited to macropinosomes during ruffle closure. ALS2 depletion abolishes transient Rab5 activation on macropinosomes, while ALS2 is recruited to macropinosomes simultaneously with Rab5 activation. Thus, we conclude ALS2 activates Rab5 on macropinosomes. The absence of active Rab7 prolongs ALS2 presence and Rab5 activation on macropinosomes, indicating that active Rab7 is necessary for Rab5 inactivation through ALS2 dissociation and plays key roles in the Rab switch on macropinosomes.
Macropinocytosis is a clathrin-independent endocytosis pathway that originates from the closure of plasma membrane ruffles into large vesicles [1, 2] . Macropinocytosis is involved in a variety of physiological processes such as the uptake of nutrients for cell proliferation [3] and antigen presentation after invasion of bacterial and viral pathogens [4] . Furthermore, this process modulates the internalization of receptors and adhesion molecules and is implicated in cell signaling, adhesion, and motility [5, 6] . In all types of endocytic pathways including macropinocytosis, a degradation system as well as a recycling circuit functions as a continuum [7] . Therefore, a machinery that guarantees the unidirectional transport is crucial for system integrity. During endosome maturation, the Rab switch machinery [8] executes the conversion from early endosome (EE) to late endosome (LE) and assures the unidirectionality [8, 9] . In a 'cutoff switch' model of Rab5/Rab7 conversion, it has been proposed that active Rab5 contributes to Rab7 activation, and Rab7 displays autoactivation and suppresses Rab5 [10] . Similar to other endocytic pathways, macropinosome maturation is highly regulated, and recent studies have clarified the mechanisms for the recycling of plasma membrane proteins and tubulation and fission of macropinosomes [1] . However, how the Rab switch works during macropinosome maturation remains unclear, although the importance of Rab5 and Rab7 as master regulators for the degradation system is well-recognized.
In the present study, we tried to elucidate the Rab switch machinery in macropinosome maturation using time-lapse F€ orster resonance energy transfer (FRET) imaging. Rab5 was activated and concurrently recruited to macropinosomes at the timing of ruffle closure. We found that macropinocytic Rab5 activation was mediated by ALS2. ALS2 mutations have been associated with a juvenile form of amyotrophic lateral sclerosis [11] . ALS2 protein displays three guanine nucleotide exchange factor (GEF) domains-RCC1-like domain, DH/PH domain, and VPS9 domain [12] . ALS2 was recruited to macropinosomes almost simultaneously with Rab5 activation and disappeared within 30 min. Depletion of Rab7 or Ccz1 inhibited ALS2 detachment from macropinosomes and thereby perturbed Rab5 inactivation. HOPS, one of Rab7 effectors [13] , is thought to promote Rab switch in other endocytic systems [14, 15] , but was dispensable for macropinosome Rab conversion. Taken together, active Rab7 is necessary for Rab5 down-regulation through ALS2 dissociation, thereby acting as a central component in the Rab5-to-Rab7 switch in macropinocytosis.
Materials and methods

FRET biosensors
The plasmids encoding the FRET biosensors, Raichu-Rab5/ K-RasCT (2517kx) and Raichu-Rac1/K-RasCT (1011x), have been previously described [16, 17] . These sensors contain the carboxyl-terminal region of K-Ras and are localized to the plasma membrane. An excess of signals from intracellular compartments profoundly decrease the signal-to-noise ratio. The use of these K-RasCT-containing sensors circumvents this problem. In an epifluorescence setting, the fluorescence level from Raichu-Rab5/K-RasCT on endosomal membrane looks seemingly lower in appearance than that on plasma membrane. However, an X-Z section of RaichuRab5/K-RasCT expressing cells shows the comparable level of fluorescence between plasma membrane and endosomal one (Fig. S1 ). This indicates that the level of density of Raichu-Rab5/K-RasCT was also comparable between these two membranes. Therefore, Raichu-Rab5/K-RasCT resides on the plasma membrane and the endosomes continued therefrom and we can obtain the precise information about local Rab5 activity at these limited locations.
Plasmids
The cDNA encoding a human ALS2 [18] or its D1593A mutant was point-mutated to resist siRNA-mediated knockdown and subcloned into pEF-T7. DsRed Express (Clontech, Mountain View, CA, USA) cDNA was subcloned into the pCAGGS-NES vector [19] . pCXN2-mRFP-SNX5 [20] was a gift from Michiyuki Matsuda. The cDNAs for SNX5 and Rubicon (a gift from T. Yoshimori) were used to prepare pCAGGS-m1CFP-SNX5 and pCAGGS-mCherry-Rubicon, respectively.
Cells, reagents, and antibodies
The COS-7 and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum. Epidermal growth factor (EGF)-stimulated COS-7 cells frequently form large macropinosomes highly suitable for image acquisition. Thus, we used COS-7 cells to observe macropinocytosis as much as possible. When a knockdown efficiency of a particular siRNA in HeLa cells was clearly higher than that in COS-7 cells, we used HeLa cells. EGF was purchased from Calbiochem Merck Millipore (Burlington, MA, USA). Bovine serum albumin-Texas Red (BSA-TR) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). The following primary antibodies were used: goat polyclonal antibodies to Rin1 (N-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit polyclonal antibodies to ALS2 (SAB4200350; Sigma-Aldrich, St. Louis, MO, USA); rabbit polyclonal antibodies to Vps41 (H-300; Santa Cruz Biotechnology); and rabbit polyclonal antibodies to GAPDH (FL-335; Santa Cruz Biotechnology). Anti-Rabex-5 rabbit polyclonal antibodies have been previously described [18] .
RNA interference
Stealth siRNAs against Rin1, ALS2, Rabex-5, and Vps41 were obtained from Thermo Fisher Scientific. The nucleotide sequence (sense) to target human mRNA were as follows: Rin1, 5 0 -GGACGUUCCUCGUGCGGAAAUCU Single macropinocytic events were manually selected and the macropinosome was centered in the image. The local background was determined as the average fluorescence of the region surrounding the target macropinosome, with threepixel width, corresponding to 225 nm.
Pulse-chase experiments and immunocytochemistry
The COS-7 cells were serum starved for 1 h in FluoroBrite DMEM medium containing 0.1% BSA and 4 mM L-glutamine. Pulse-chase experiments were performed by incubating cells with the medium containing 50 ngÁmL À1 EGF and 100 lgÁmL À1 BSA-TR for 10 min, followed by washing, and incubation in a serum-free medium for 10 min. The cells were fixed with 3.7% formaldehyde and permeabilized with 0.2% Triton X-100. After being soaked in phosphatebuffered saline containing 3% BSA for 1 h, the samples were incubated overnight with a primary antibody and then treated for 1 h with fluorescent secondary antibody (conjugated to Alexa Fluor 488; Thermo Fischer Scientific). The samples were imaged with an IX81 inverted microscope equipped with an FV-1000 confocal imaging system.
Image analysis
All visible endocytotic events in this study were judged to be macropinocytosis or not based on the size (larger than 0.5 lm in a diameter) and the existence of ruffles preceding the endocytic events. In several sample events, we checked the reliability of these criteria by examining the uptake of BSA-TR [22] , one of the standard methods for identifying macropinocytosis. Close resemblance between the timecourse of localization of SNX5, an early endosomal marker during macropinocytosis, and that of Rab5/Rab7 switching corroborates that the character of events examined here were macropinocytotic (Fig. S2 ).
The EGFP-ALS2 intensity on macropinosome membrane was determined according to Kawase et al. [23] with the following modifications (Fig. S3) . The EGFP and ERed signals of the region between two concentric rings were obtained (inner rings overlapped with the contour of macropinosomes, and the diameters of outer rings were 450 nm longer than those of inner ones). Then, the signal ratio of cytoplasmic EGFP to cytoplasmic ERed in the proximity of macropinosomes was calculated. The cytoplasmic EGFP-ALS2 intensity in a macropinosome area was estimated by multiplying the macropinosome ERed-NES signal by the cytoplasmic EGFP/ERed ratio that was calculated above. Corrected intensity of EGFP-ALS2 on macropinosome membrane was obtained by subtracting the estimated cytoplasmic EGFP-ALS2 signal in a macropinosome area from the raw fluorescence signal of EGFP-ALS2.
We determined the retention index of ALS2 in 
Statistical analysis
One-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was performed using GRAPHPAD PRISM (version 5.04; GraphPad Software, La Jolla, CA, USA).
Results
Activation and recruitment of Rab5 occur concurrently in macropinocytosis
To investigate the change in Rab5 activity and localization during the progress of macropinocytosis, we performed a time-lapse FRET imaging in EGF-stimulated COS-7 cells expressing Raichu-Rab5kx [16] and mRFP-Rab5. The FRET/CFP ratio, which indicated Rab5 activity, reached its maximum at 0-4 min after ruffle closure and gradually decreased (Fig. 1A , the third row; Fig. 1B , green lines). mRFP-Rab5 appeared on macropinosomes around ruffle closure and rapidly increased to the maximum level after 10 min, followed by a sharp decrease in its level (Fig. 1A,B) . Rab5 activation occurred almost concurrently with Rab5 recruitment during macropinocytosis. The Rab5 sensor can monitor the balance between GEF and GTPase-activating protein (GAP) activities acting on Rab5. As indicated in Fig. 1C , this GEF/ GAP balance (shown in green) tended to rise slightly earlier than Rab5 localization (shown in red) onto macropinosomes. One of the possible explanations is that an efficient GEF activity toward Rab5 on macropinosomes displaces GDI from the neighboring Rab5-GDI complex in a similar mechanism as the GEF activity of DrrA toward Rab1 [24] .
ALS2 activates Rab5 on macropinosomes
To find the molecule that is involved in the Rab5/Rab7 conversion in macropinocytosis, we depleted candidate Rab5 GEFs by RNA interference and examined the resulting phenotypes. Although some Rab5 GEFs have been proposed to activate Rab5 on macropinosomes [25] [26] [27] , the exact GEF responsible for this activation is unclear mainly due to technical limitations. RaichuRab5kx used here is a reliable tool for monitoring Rab5 activity at pinpoint with a large dynamic range [16] . The expressions of Rin1, ALS2, and Rabex-5 were markedly decreased after transfection of the respective siRNAs in HeLa cells (Fig. S5A-C) . Then, we monitored Rab5 activity on macropinosomes in cells lacking each Rab5 GEF. The depletion of ALS2 significantly inhibited Rab5 activation on macropinosomes ( The number of macropinosomes examined here was as follows: Control, n = 11; Rin1 KD, n = 13; ALS2 KD, n = 13; Rabex5 KD, n = 5; ALS2 KD and rescue with wild-type ALS2, n = 7; and ALS2 KD and rescue with ALS2 D1593A, n = 8. The symbols indicate the results of a oneway ANOVA followed by Bonferroni's post hoc test (**P < 0.01; ***P < 0.001).
of a siRNA-resistant wild-type ALS2, but not a GEF activity-deficient mutant of ALS2-D1593A, restored Rab5 activation on macropinosomes (Fig. 2E-G) . This indicates that a Rab5 GEF activity of ALS2 VPS9 domain is essential for macropinocytic Rab5 activation. Gapex-5-dependent Rab5 activation was sensitive to nocodazole treatment [16] . Because Rab5 activation on macropinosomes in the cells treated with nocodazole occurred similarly to that in control cells (Fig. S5F,G) , we ruled out the possibility that Gapex-5 activates Rab5 on macropinosomes. The recent literature that shows that the uptake of angiogenin was efficiently blocked by inhibitors of macropinocytosis, whereas nocodazole had a marginal effect on the angiogenin uptake, corroborates our supposition [28] . These results indicate that ALS2 is the primary GEF responsible for Rab5 activation on macropinosomes.
ALS2 dissociation from macropinosomes depends on active Rab7
To corroborate the involvement of ALS2 in Rab5 activation on macropinosomes, we evaluated the presence of ALS2 on macropinosome membranes. COS-7 cells expressing EGFP-ALS2 were pulse labeled with BSA-TR to mark macropinosomes, chased for 10 min, and ALS2 localization was examined (Fig. 3A,B) . The percentage of ALS2-positive macropinosomes was 61.3 AE 3.5% (Fig. S6A) . We next investigated ALS2 dynamics on macropinosomes by using time-lapse experiments. Most ALS2 proteins were cytoplasmic. Thus, a cytoplasmic marker ERed-NES, an Express DsRed fused with nuclear export signal, was coexpressed and used as a volume control. Thereby we removed signal artifacts derived from volume change (see Materials and methods; Fig. S1 ) as much as possible. In control (mock-transfected) cells, ALS2 was recruited to macropinosomes almost simultaneously with ruffle closure (Fig. 3C, bottom row; Fig. S7A , black lines). ALS2 protein on macropinosomes began to decrease 15 min after ruffle closure and almost disappeared within 30 min (Fig. S7A, black lines) . The time period of ALS2 residence on macropinosomes roughly corresponded to that of macropinocytic Rab5 activity. On the contrary, Rab7-depleted cells showed clear detection of ALS2 for more than 45 min after ruffle closure (Fig. 3C, bottom row) . To analyze if Rab7 activity was essential for ALS2 detachment from macropinosomes, we examined the effect of Ccz1 depletion on ALS2 dynamics. In Ccz1-depleted cells, ALS2 continued to reside on macropinosomes for more than 1 h after ruffle closure (Fig. 3D, bottom row; Fig. S7A , red lines). Here, we introduced a retention index (see Image analysis in Materials and methods) to check the statistical significance. The analysis of the retention indices of ALS2-positive macropinosomes showed the significant retardation of ALS2 dissociation from macropinosomes in Rab7 KD or Ccz1 KD cells (Fig. S7B) . Next, we tried to examine whether Rab7 was recruited to and activated on macropinosomes concurrent with and/or following ALS2 detachment using three-color live imaging. We have recently shown that Rab7 was initially recruited to macropinosomes in a GDP-bound inactive form and subsequently activated during endocytic maturation in EGF-stimulated COS-7 cells [29] . Thus, we have to examine Rab7 activity, not Rab7 localization here. Due to technical limitations, we used mCherry-Rubicon as a marker of Rab7 activity instead of Raichu-Rab7 [21] with m1Venus-ALS2 and its cytoplasmic volume control (SECFP-NES) similarly used in the original Fig. 3C -E. On macropinosomes, the rise of Rab7 activation, that was visualized by Rubicon recruitment, appeared to occur almost concurrently with ALS2 detachment (Fig. S7C,D) . This result has provided a supporting evidence for the spatiotemporal correlation between ALS2 detachment and Rab5-to-Rab7 switch on macropinosomes, although there remains a mechanism(s) that is not completely characterized. Taken together, we conclude that ALS2 dissociation from macropinosomes depends on active Rab7.
To evaluate if ALS2 was recruited to macropinosomes through its binding to Rac1-GTP as previously proposed [26, 30] , we examined the spatiotemporal change in Rac1 activity during ruffle formation leading to macropinocytosis (Fig. S6B ). In line with the previous study [31] , we observed a clear activation of Rac1 at membrane ruffles (arrowhead). However, Rac1 activity decreased to an unremarkable level around ruffle closure (arrow). Thus, in our system, active Rac1 may recruit ALS2 only at the very early stage of macropinocytosis including membrane ruffles, suggesting that ALS2 is retained by some other mechanisms until Rab conversion.
Active Rab7 is necessary for Rab5 inactivation on macropinosomes
The inactivation of Vps21 (Rab5) in yeast endocytic pathway is reported to require active Ypt7 (Rab7) [15] . However, the yeast degradation system is quite different from the mammalian system. For instance, Rab5 and Rab7 partially coexist on yeast late endosomes and Rab5/Rab7 conversion occurs during the transition from LEs to vacuoles in yeast [15] . Considering these differences, it is difficult to say whether similar machinery for Rab5 inactivation is used by the Rab switch in mammalian cells. We addressed this issue in macropinocytosis through the examination of the change in Rab5 activity on macropinosomes in Rab7-or Ccz1-depleted COS-7 cells. In contrast to the transient Rab5 activation in control cells, Rab5 downregulation failed to occur more than 1 h after ruffle closure both in Rab7-or Ccz1-knockdown cells (Fig. 4) . Solinger and Spang [14] proposed that the HOPS complex is involved in Rab5 displacement from endosomes in Caenorhabditis elegans york uptake. . After recovery, the cells were transfected with pEGFP-C1-ALS2 and pCAGGS-ERed-NES. After incubation for 2 days, the cells were serum starved for 1 h, stimulated with EGF, and imaged every 2 min for 2 h. Representative corrected EGFP-ALS2 images of macropinosomes at the indicated time points are shown (bottom row) with the corresponding PC and raw EGFP-ALS2 images. Scale bars: 3 lm. The number of examined macropinosomes is as follows: Control, n = 6; Rab7 KD, n = 2; and Ccz1 KD, n = 6. Macropinosome formation was most severely repressed in Rab7-depleted and ALS2-expressing cells. Only two macropinosomes were imaged by examining over 100 cells.
Thus, we examined the effect of the depletion of Vps41, a HOPS-specific subunit that binds to Rab7 [13] , on macropinocytic Rab5 activation. As shown in Fig. S8 , we failed to notice any significant difference in the temporal change of Rab5 activity between control and Vps41-knockdown cells. These data indicate that active Rab7, but not Vps41 (and probably HOPS), is indispensable for Rab5 inactivation on macropinosomes.
The absence of active Rab5 inhibits macropinosome maturation
Active Rab5 is thought to be largely dispensable for macropinosome formation itself [1] . This view is supported by the finding that the percentage of cells having macropinosomes was reduced by only 21% in ALS2-depleted cells (Fig. S9A) , although ALS2 is the 0 2 4  10  6  8  14  22  16  28  12  40  52  46  58  34 primary GEF responsible for macropinocytic Rab5 activation. Depletion of Rin1 or Rabex-5, both of which had no roles in Rab5 activation on macropinosomes, produced around 25% decrease in the percentage of cells having macropinosomes (Fig. S9A) . To investigate an essential role of Rab5 in macropinocytosis, we examined the characteristics of the macropinosomes that lack active Rab5. In control cells, LAMP1, an LE/lysosome marker, was recruited to macropinosomes in place of active Rab5 and continued to be observed until the end of imaging (Fig. S10B,E) . On the contrary, we failed to observe LAMP1 on macropinosomes in ALS2-knockdown cells (Fig. S10C,F) . In addition, the overexpression of RNtre, a potent Rab5 GAP, hampered the transition to the late endosomal state harboring LAMP1 (Fig. S10D,G) . RabGAP-5 is another Rab5GAP that was shown to have a weaker GAP activity toward Rab5 that RNtre did in this experimental setting (Fig. S9B ). The effect of Rab5 inactivation using RabGAP-5 was close to but reproducibly weaker than that using RNtre (data not shown). Together, activated Rab5 on macropinosomes is required for macropinosome maturation; this observation is in line with the previous studies on other types of endocytosis [32] .
Discussion
In this study, we demonstrate that ALS2 activates Rab5 on EGF-induced macropinosomes and that the subsequent Rab5 inactivation through ALS2 dissociation at EE-to-LE boundary requires active Rab7. This is supported by our findings that ALS2 depletion in HeLa cells markedly reduced transient Rab5 activation on macropinosomes and that the absence of active Rab7 prolonged ALS2 residence and Rab5 activation on macropinosomes. To the best of our knowledge, this is the first report to reveal the requirement of active Rab7 for Rab5 down-regulation during the Rab5/Rab7 conversion in vertebrate cells and partially agree with a recent report on the yeast destructive pathway [15] . Although three VPS9 domain-containing proteins, Rin1, ALS2, and Rabex-5, have been proposed to activate Rab5 on macropinosomes, the molecule responsible for macropinocytic Rab5 activation remains to be established. Balaji et al. showed that Rin1 overexpression increased total Rab5-GTP level and dextran uptake in EGF-stimulated HeLa cells, suggesting that Rin1-Rab5 signaling favors EGF receptor degradation and macropinocytosis [25] . Ikeda's group has demonstrated that wild-type ALS2, but not its GEF activitydeficient mutant, accelerated the uptake of horse radish peroxidase and enlargement of EE, thereby claiming that ALS2 is a GEF responsible for macropinocytic Rab5 activation [27, 33] . Feliciano et al. [20] demonstrated that the overexpression of Rabex-5 or Rin1 prolonged Rab5 activity on macropinosomes. The advantage of our work over the previous studies is a direct measurement of the change in Rab5 activity on macropinosomes. Raichu-Rab5kx used here is a FRET sensor of an intramolecular type [34] ; such sensors are generally thought to be superior to an intermolecular type sensor, which was used previously for the visualization of macropinocytic Rab5 activity [27] . Rin2, another Rab5GEF, is implicated in HGFinduced endocytosis of E-cadherin and other clathrinmediated endocytosis (CME) [35] . On the other hand, the implication of Rin2 in macropinocytosis has yet to be reported. Thus, we conclude that ALS2 activates Rab5 on macropinosomes. It is widely recognized that chronic deletion or overexpression of a molecule in a traffic system is likely to affect multiple cellular systems, which in turn might generate nonrelevant effects. We think that the results of previous experiments using Rin1 or Rabex-5 may be associated with such indirect effects. In fact, macropinocytosis was reduced by 25% in Rin1-or Rabex-5-depleted cells as well as ALS2-depleted cells (Fig. S9A) . However, only ALS2 knockdown markedly decreased Rab5 activation on macropinosomes (Fig. 2) .
Whether a mechanical difference exists between the Rab5-to-Rab7 switch in macropinocytosis and CME is questionable. A mechanism for displacing Rab5 from endosome membrane is essential for the Rab switch. In general, Rab5 displacement may be executed in two ways: the termination of Rab5 activation by a corresponding GAP or removal of Rab5 GEF from the endosomal membrane [7] . The former was initially found in yeast CME; GAP activity of Msb3 for Vps21 (Rab5) is controlled by active Rab7 [15] . Chotard et al. [36] has reported that TBC-2 inactivates Rab5 on LEs during endosome maturation in several tissues of C. elegans. On the other hand, Poteryaev et al. [9] claimed that Mon1, a subunit of Rab7 GEF complex, regulates Rabex-5 by displacing it from endosomes in C. elegans macropinosomes. The result of our study focusing on macropinosomes in mammalian cells is in line with the conclusion of the study by Poteryaev et al. [9] The displacement of Rabex-5 by Mon1 through its direct binding in C. elegans macropinocytosis seems to be a very efficient mechanism. ALS2 displacement shown here depends on Mon1-Ccz1 and Rab7. Thus, we assume that there exists a similar physical linkage between active Rab7 and ALS2 displacement. Furthermore, it is unclear if HOPS is generally required for Rab5 inactivation at the Rab switch. Solinger and Spang have claimed that HOPS is required to efficiently displace Rab5 from maturing endosomes, as concluded from the results of HOPS depletion in C. elegans york uptake [14] . In the same way, inactivation of Vps21 in yeast CME requires HOPS complex [15] . However, our results show that Vps41, a HOPS-specific subunit, is dispensable for Rab5 inactivation on macropinosomes. One plausible explanation is that the linkage between active Rab7 and Rab5 inactivation varies depending on the function of Rab5 GEF in respective endocytosis system. This study has provided clues to unravel the mechanism that recruits ALS2 at the initial stage of macropinocytosis and displaces it at EE-to-LE transition. Active Rac1 has been shown to interact with ALS2 and may promote ALS2 localization to macropinosomes [30] . Here, we observed a clear activation of Rac1 at membrane ruffles, whereas Rac1 activity decreased to a basal level around ruffle closure of macropinosomes. Rac1 inactivation may play a permissive role in the disassembly of actin filament required for the cup closure [37] and the attachment of ALS2 on macropinosomes may be executed without active Rac1. ALS2 showed strong affinities to several phosphatidylinositol phosphates (PIPs) containing PI (3)P and PI(3,5)P 2 [20] , which are abundant in the early endosomal state of macropinosomes [38] . However, PI(3,5)P 2 is also present on late endosomes [39] . Thus, it is unlikely that ALS2 dissociates from macropinosomes mainly due to the change in PIP level. Another possibility is a physical displacement factor as shown in the displacement of Rabex-5 by Mon1 [37] . Considering the result in Fig. 4 , this hypothetical factor has to be regulated by active Rab7 in EGFinduced macropinocytosis.
In this study, we have directly shown that ALS2 activates Rab5 on macropinosomes and that its subsequent Rab7-dependent detachment from macropinosomes results in Rab5 down-regulation. Further experiments based on these results will fully elucidate the Rab switch machinery, which is an essential component of unidirectional transport across the whole cell. 
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